Abstract The main aim of the present study was to compare volume differences in the hippocampus and parahippocampal gyrus as biomarkers of Alzheimer's disease (AD). Based on the previous findings, we hypothesized that there would be significant volume differences between cases of healthy aging, amnestic mild cognitive impairment (aMCI), and mild AD. Furthermore, we hypothesized that there would be larger volume differences in the parahippocampal gyrus than in the hippocampus. In addition, we investigated differences between the anterior, middle, and posterior parts of both structures. We studied three groups of participants: 18 healthy participants without memory decline, 18 patients with aMCI, and 18 patients with mild AD. 3 T T1-weighted MRI scans were acquired and gray matter volumes of the anterior, middle, and posterior parts of both the hippocampus and parahippocampal gyrus were measured using a manual tracing approach. Volumes of both the hippocampus and parahippocampal gyrus were significantly different between the groups in the following order: healthy [ aMCI [ AD. Volume differences between the groups were relatively larger in the parahippocampal gyrus than in the hippocampus, in particular, when we compared healthy with aMCI. No substantial differences were found between the anterior, middle, and posterior parts of both structures. Our results suggest that parahippocampal volume discriminates better than hippocampal volume between cases of healthy aging, aMCI, and mild AD, in particular, in the early phase of the disease. The present results stress the importance of parahippocampal atrophy as an early biomarker of AD.
Introduction
Atrophy in the medial temporal lobe has repeatedly been associated with the age-related memory decline, mild cognitive impairment (MCI), and dementia (Burgmans et al. 2009; Hackert et al. 2002; Laakso et al. 2000; Raz et al. 2005; Scher et al. 2007; van de Pol et al. 2006; Visser et al. 2002; Wang et al. 2006) . This is, in particular, true for hippocampal atrophy, which is considered to be one of the best predictors of Alzheimer's disease (AD) (Detoledo-Morrell et al. 1997; Jack et al. 1997; Pennanen et al. 2004) . Recent findings suggest, however, that parahippocampal atrophy might have more potential as a predictor of AD.
Previous histological studies have already shown that the earliest neuropathological changes in AD appear in the entorhinal cortex, which is the anterior part of the parahippocampal gyrus (Braak and Braak 1990; Van Hoesen 1982) . At present, several MRI studies suggest that volume measures of the entorhinal cortex provide higher sensitivity than volume measures of the hippocampus when it comes to detecting AD in an early phase of the disease (DetoledoMorrell et al. 2004; Dickerson et al. 2001; Pennanen et al. 2004) . Despite these findings, the parahippocampal gyrus has until now received much less attention than the hippocampus as an early predictor of AD. Moreover, the total parahippocampal volume-including posterior parts of the gyrus-has rarely been investigated in clinical populations. There is only scant evidence that this posterior part is involved in age-related and pathological changes (Burgmans et al. 2009; Insausti et al. 1998; Thangavel et al. 2008; Weniger and Irle 2006) .
There is some evidence that the amount of atrophy differs between anterior, middle, and posterior areas of the hippocampus and parahippocampal gyrus. One hypothesis is that differences in the amount of atrophy along the longitudinal axis are caused by the way cortical connections are organized. Van Hoesen et al. (1982) and Insausti and Amaral (2008) concluded from nonhuman primate studies that the posterior parahippocampal gyrus plays a key role in the information flow between cortical association areas and the hippocampal formation. There are massive projections from the posterior parahippocampal areas TF and TH to the rostral portion of the entorhinal cortex. Since the entorhinal cortex is reciprocally connected to the anterior hippocampus, we may speculate that damage in the posterior parahippocampal gyrus can lead to tissue changes in the anterior hippocampus. However, more research is needed to reveal the mechanism of differential decline in the medial temporal lobe structures.
In the present study, we compared volume differences in the hippocampus and parahippocampal gyrus in three groups of older individuals: healthy controls, individuals with amnestic MCI (aMCI), and patients with AD. We hypothesized that volume differences between these groups are larger in the parahippocampal gyrus than in the hippocampus. In addition, we investigated the differences between the anterior, middle, and posterior parts of both structures.
Materials and methods

Participants
Three groups of older male participants were included in this study: healthy participants without memory impairment, patients with aMCI, and patients with AD. The healthy participants were recruited by means of advertisements in local newspapers. They were administered an extensive neuropsychological test battery and were included if their performance did not deviate from normal on the verbal learning test (Folstein et al. 1975 ; Van der Elst et al. 2005) . The patients with aMCI or AD were recruited from the Memory Clinic of the Maastricht University Hospital. All the diagnoses were made by a multidisciplinary team under the supervision of an experienced neuropsychiatrist from the Memory Clinic (FRJV) according to the Petersen criteria for aMCI (with at least an impairment in the memory domain) (Petersen et al. 2001; Petersen et al. 1999) , and according to the DSM-IV and NINCDS-ADRDA criteria for AD (McKhann et al. 1984) . The diagnoses were based on the medical history, co-morbidity, course, and MRI scan. The MRI scan was used to exclude vascular pathology; levels of atrophy were not used for the diagnosis of aMCI and AD.
The exclusion criteria were use of psychoactive medication, abuse of alcohol and drugs, other past or present psychiatric or neurological diseases or serious system diseases, and structural abnormalities in the brain that could account for the cognitive decline. Two participants in the control group were excluded because a brain infarct was detected on the MRI scans and two patients in the AD group were excluded because their MRI images showed motion artefacts. The remaining number of participants (after excluding these four subjects) was 18 per group. Thus, the final population consisted of: 18 healthy male participants (mean age = 64.5 years, SD age = 3.3 years); 18 male patients with aMCI (mean age = 65.11 years, SD age = 4.5 years), and 18 male patients with AD (mean age = 72.2 years, SD age = 9.7 years). A standardized eight-point scale was used to indicate educational level (1 = primary school, 8 = university). Written informed consent was obtained from all participants and from the primary caregiver of the AD patients. The study was approved by the local Medical Ethics Committee of the Maastricht University Medical Center.
Image acquisition and analysis MRI scans were acquired with a 3 T Gyroscan NT MRI scanner (Philips, Best, The Netherlands). Structural T1 images were acquired in the sagittal plane using an MPRAGE sequence (TR = 8, TE = 3.7 ms, FA = 9, FOV = 240 9 240, matrix size = 240 9 240, number of slices = 180; voxel size = 1 9 1 9 1 mm 3 ). For data analysis, we used a manual tracing approach. The images were viewed using GIANT (General Image Analysis Tools) (Gronenschild et al. 2010) , which is a customized software program that allows tracing of regions of interest in a tri-planar and a rotatable 3D surface-rendered view as well as calculation of volumes of interest. The definitions of boundaries and divisions of the hippocampus and parahippocampal gyrus were performed according to the criteria described in a previous publication (Burgmans et al. 2009 ). Volumetric measures were obtained of the anterior, middle, and posterior parts of the hippocampus and parahippocampal gyrus (Fig. 1) .
A single rater (CEZ), who was blind to the demographic and cognitive characteristics of the participants, traced all structures. Intra-rater reliability was determined by the intraclass correlation coefficient (ICC) (Shrout and Fleiss 1979) . Ten randomly selected brains were measured twice, and these yielded high test-retest reliability. The ICC of the total hippocampal volume was 0.97 (95% confidence interval = 0.91, 0.99), and the ICC of the total parafhippocampal volume was 0.95 (95% confidence interval = 0.84, 0.98). To correct for individual differences in unatrophied brain, intracranial volumes were measured using an automated method (FSL Brain Extraction Tool) developed at the Oxford Centre for Functional MRI of the brain (Smith 2002 ).
Statistical analysis
Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS Inc, Chicago) version 16.0 for Windows. To compare the mean age, educational level, and MMSE scores between the three groups, ANOVA (General Linear Model; GLM) was performed. For the volumetric comparisons between the three groups, ANCOVA (GLM) was used, with volume as dependent variable, group as independent variable, and intracranial volume and age as covariates.
Three main things were tested in the ANCOVA analysis. First, the effect of group was calculated to test the overall difference across the three groups. Second, contrasts were calculated by pairwise comparisons among means to test the differences between the two groups: i.e., control versus MCI; control versus AD; and aMCI versus AD. Third, the hypothesis that group differences are larger in the parahippocampal gyrus than in the hippocampus was tested by adding the hippocampus as covariate in the ANCOVA analysis with the parahippocampal gyrus as dependent variable. If group differences are still significant in this analysis, we can state that the parahippocampal gyrus has added value in discriminating between groups on top of the discriminating ability of the hippocampus. For all tests, Pearson's correlation coefficient was calculated as a measure of effect size.
Results
The three groups differed significantly with respect to age (p = 0.001) and MMSE (p = 0.000), but did not differ with respect to educational level (p [ 0.697). The AD group was older (mean age 72.2, SD 9.7) than the other two groups. Minimental scores differed in the following order: control (mean MMSE score 28.8, range 27-30) [ MCI (mean MMSE score 27.6, range 22-30) [ AD (mean MMSE score 21.0, range 10-28). 16 of the 18 AD patients were in a mild stage of the disease (mean MMSE score 21.0, range 18-28), and two patients in a moderate-severe stage (MMSE score 10 and 15). The mean educational level in the control group was 4.2 (SD 1.4). The mean educational level in the MCI and the AD group was 3.8 (SD 1.8).
Volumetric comparisons between the three groups are summarized in Tables 1, 2 . Age and intracranial volume were included as covariates to correct for possible age and cohort effects. With regard to the main effect of group on the total volumes of the hippocampus and parahippocampal gyrus: differences between the three groups were significant in both volumes (parahippocampal gyrus: F(2,46) = 24.23, p \ 0.001, hippocampus: F(2,46) = 12.07, p \ 0.001). Volumes were significantly different in the following order: healthy [ aMCI [ AD. ANCOVA analyses demonstrated that the parahippocampal gyrus is better in discriminating between groups than the hippocampal gyrus. When we added the hippocampus as covariate in the ANCOVA analysis with the parahippocampal gyrus as dependent variable, we still found robust significant group differences (F(2,45) = 11.07; p \ 0.001). In contrast, when we added the parahippocampal gyrus as covariate in the ANCOVA analysis with the hippocampus as dependent variable, the significant group differences disappeared (F(2,45) = 2.42; p = 0.100). This indicates that the parahippocampal volume has added value on top of the discriminating ability of the hippocampus. Furthermore, pairwise comparisons between the healthy and aMCI groups showed a significant difference in the parahippocampal gyrus (12.4%, F(1,29) = 10.46, p = 0.003), but not in the hippocampus (1.7%, F(1,29) = 0.85, p = 0.362). When we compared the control or the aMCI group with the AD group, significant differences were found in both structures (Fig. 2) .
With respect to the differences along the longitudinal axis in the hippocampus and parahippocampal gyrus, the repeated-measures GLM showed a significant group by structure interaction (p = 0.034) in the left parahippocampal gyrus when we compared controls with AD patients. The group difference was larger in the anterior part than in the middle and posterior parts. No other HCG hippocampus, PHG parahippocampal gyrus, ant anterior, post posterior, L left, R right, SD standard deviation, r effect size by Pearson's correlation coefficient, p p value; F(2, 46) F-ratio and the degrees of freedom, p, r and F represent group difference significant differences were found between anterior, middle, and posterior parts. Furthermore, repeated-measures analysis showed no significant differences between both hemispheres (i.e., left-right differences).
Discussion
The main aim of the present study was to compare the volume differences in the hippocampus and parahippocampal gyrus between healthy controls, individuals with aMCI, and patients with AD. In addition, differences along the longitudinal axis of both structures were investigated. Our results suggest that parahippocampal volume discriminates better than hippocampal volume especially in the early phase of AD. No significant differences were found along the longitudinal axis, except for the left parahippocampal gyrus in which the anterior parts showed significantly larger differences than the posterior parts when controls were compared to AD patients.
Our finding that parahippocampal volume discriminates better than hippocampal volume is in line with the findings of most previous studies on pathological aging in which a comparison was made between healthy and MCI groups (Detoledo-Morrell et al. 2000; Jack et al. 2000; Jauhiainen et al. 2009; Killiany et al. 2002; Pennanen et al. 2004; Xu et al. 2000) , between MCI and AD groups (Du et al. 2001; Jauhiainen et al. 2009; Tapiola et al. 2008; Visser et al. 1999; Xu et al. 2000) , or between healthy and AD groups (Detoledo-Morrell et al. 2000; Dickerson et al. 2001; Du et al. 2001; Jauhiainen et al. 2009; Killiany et al. 2002; Pennanen et al. 2004 ). There have been, however, also a few studies that found larger group differences in the hippocampus (Detoledo-Morrell et al. 1997; Jack et al. 1997; Pennanen et al. 2004; Visser et al. 2002) . Nevertheless, in these cases a group of AD patients was always involved. Thus, in those cases where the hippocampus was found to be a better discriminator than the parahippocampal gyrus, the group comparisons were always between MCI and AD, or between control and AD, but never HCG hippocampus, PHG parahippocampal gyrus; % difference between the two groups (V1-V2 9 100/V1), r effect size by Pearson's correlation coefficient, p p value, F(df) for the covariate effect we give the F-ratio and the degrees of freedom (df)
Brain Struct Funct (2011) 215:265-271 269 between control and MCI. This might indicate that the parahippocampal gyrus is a better discriminator particularly in the early (preclinical) phase of AD. The suggestion that the parahippocampal gyrus, in particular, is a highly sensitive marker with which to detect AD at a very early stage is in line with earlier reports on the entorhinal cortex (Detoledo-Morrell et al. 2004; Dickerson et al. 2001; Pennanen et al. 2004 ). The present study adds a new finding as it shows that this is not only the case with regard to the anterior part, but also with regard to the posterior part of the parahippocampal gyrus. The present data are also partly in line with a previous study by our group (Burgmans et al. 2009 ) in which healthy, aging individuals with and without memory decline were compared. In that study, we also reported larger group differences in the parahippocampal gyrus. However, we found the largest group difference in the posterior part of the parahippocampal gyrus. This is in contrast with the present results, since here we found larger differences in the anterior part of the left parahippocampal gyrus than in the posterior parts of the left parahippocampal gyrus between controls and AD patients. A possible explanation for these different findings could be that atrophy in the posterior medial temporal lobe is more strongly related to healthy aging, whereas atrophy in the anterior medial temporal lobe is more strongly related to pathological aging. In a recent study, Raji et al. (2009) observed that in normal aging the most affected region was the posterior part of the hippocampus, while in AD patients the most affected regions were the anterior parts of the hippocampus and the parahippocampal gyrus.
There remain a few methodological issues to be addressed. First, our MRI data were acquired at only one time point, which precludes the assessment of actual pathological aging changes in volume, or of causality. Second, we included only male participants in order to decrease interindividual variation. We must, therefore, be cautious with generalizing our findings to females. Previous studies, however, did not reveal substantial genderrelated differences with respect to hippocampal and parahippocampal atrophy in AD. Third, the subdivision applied to the hippocampus and the parahippocampal gyrus was an MRI macroscopical one. We chose to divide both structures into three subregions along the longitudinal axis, because the literature suggests there are important differences in age-related and pathological-related changes between the anterior and posterior areas. However, there are no clear anatomical reasons for the cutoff points used in the present study (i.e., 35% for the anterior volume; 35% for the middle volume; and 30% for the posterior volume). Nevertheless, one of the aims of this study was to explore the group differences along the longitudinal axis, which has been made possible by our MRI-based approach. When it comes to investigating the subregions of the medial temporal lobe in more detail, cytoarchitectonic studies are considered more ideal.
In sum, our results suggest that parahippocampal volume discriminates better than hippocampal volume between cases of healthy aging, aMCI, and AD, in particular, in the early phase of the disease. Our findings stress the importance of parahippocampal atrophy as an early biomarker of AD. Such predictive biological markers could be of great help for the development of early interventions designed to retard the progression of the disease. A possible implication could be a visual rating scale of the parahippocampal gyrus, similar to the one that exists for the hippocampus (Scheltens et al., 1992) , which could help detect the earliest neurodegenerative changes indicative of AD in routine clinical practice.
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